
I 111 I~1111111111 1111111111111111 I1111111 I I 

N A S A  TECHNICAL NOTE 

.--__. I. I. 1 - I 1111 I II 111111 I I I 

@ N A S A  TN D-3041 

PERFORMANCE CORRELATION FOR 
ELECTRON-BOMBARDMENT ION SOURCES 



TECH LIBRARY KAFB, NM 

I llllll Ill11 11111 11111 11ll1 lllll111111111 Ill1 

PERFORMANCE CORRELATION FOR ELECTRON- 

BOMBARDMENT ION SOURCES 

By Harold  R .  Kaufman 

Lewis  R e s e a r c h  Cen te r  
Cleveland, Ohio 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - Price $2.00 



PERFORMANCE CORRELATION FOR ELECTRON-BOMBARDMENT ION SOURCES 

by Harold R. Kaufman 

Lewis Research Center 

SUMMARY 

A procedure is presented for estimating the gross performance characteristics of a 
low-density electron-bombardment ion source. Although this ion source was initially 
investigated for use as a component of an electric-propulsion system, it should also be 
useful in a variety of other applications. The overall ion source performance was 
evaluated on the basis of two parameters; the minimum discharge energy (per ion), and 
the propellant utilization at a discharge energy twice this minimum value. The approach 
used was to derive generalizing parameters for  both of these measures of performance 
by analysis of the more important ion-source processes. These generalizing parameters 
involve only overall ion-source measurements and readily available propellant proper- 
ties. Within certain limits, the use of these generalizing parameters correlates the ex- 
perimental data within about k50 percent for minimum discharge energy and within about 
*20 percent for the nominal propellant utilization (where the discharge energy is twice 
the minimum value). Two of these limits are that the discharge potential difference 
should not be less than about 2.0 times the first ionization potential of the propellant, 
and that the cyclotron radius of the primary electrons emitted from the cathode should 
not be more than about 0.45 times the ionization-chamber radius. This correlation, 
however, is not a substitute for good design. Careful handling of design details is still 
necessary if the best possible performance is to be obtained. 

INTRODUCTION 

The low-density electron-bombardment ion source of the type described in refer- 
ences 1 and 2 was developed as part of a broad electric-propulsion program, but its use 
is by no means limited to electric propulsion. Such ion sources can be used in many 
different ways. Other electron-bombardment sources used in scientific applications 
were characteristically developed sufficiently for the job at hand, and little information 
is available for other operating conditions (refs. 3 to 6). The extensive investigation of 



this electron-bombardment source for electric propulsion thus provides a unique body of 
information for prospective users. The use of this type of source is particularly con- 
venient if the desired size and performance are close to  those reported in the literature. 
I€ the contemplated ion source differs substantially from those units, though, the estima- 
tion of performance becomes much more difficult. 

The ion-current capacity of the accelerator or extractor system has been investi- 
gated, and the results reported in references 7 and 8. These investigations indicated, 
for example, that plates with hexagonal arrays of holes (with the open area equal to 
about half of the total area) make an efficient accelerator system when used with a 
centerline spacing about equal to the diameter of the holes. Based on the center- 
line spacing and the open area, the typical overall current capacity is from 0.7 to 1.0 
times that indicated by Child's law. Operational limits must, of course, be observed. 
Frequent electrical breakdowns occur when the ratio of potential difference to gap 
spacing exceeds approximately 2000 volts per millimeter - at least for the surface 
finishes, ion impingement, and range of accelerator spacing (1 to  30 mm) investigated 
for electric propulsion. The accelerator grid should be at a negative potential relative 
to the neutralizer and ion beam, the necessary amount being greater than about 15 per- 
cent of the total potential difference across the gap to prevent electron backstreaming 
and less than 40 to 50 percent to avoid large defocusing effects. The lifetime of an 
accelerator system has also been studied (ref. 9) and is primarily a function of charge- 
exchange erosion. For a lifetime of thousands of hours, such as will be necessary for 
electric propulsion, the average current density over the total accelerator area should 
be in the range of 10 to 50 amperes per square meter. 

The selection of a cathode for  the source is more of an art. For several hundreds 
of hours up to perhaps one thousand hours, a refractory-metal cathode is adequate 
(ref. 10). A refractory-metal cathode is particularly convenient if  frequent exposure 
to air is a problem. For a lifetime of thousands of hours, an oxide-matrix type (refs. 11 
and 12) should be suitable or, if a low-work-function propellant is used, the propellant 
can be used to  provide a self-renewing cathode coating (the autocathode of ref. 13). A 
neutralizer, if needed, may be selected in a manner similar to that of the cathodes. 
Present experience indicates that a neutralizer that is shielded from direct ion impinge- 
ment presents an erosion problem (from charge-exchange ions) no more difficult than 
that of the ionization-chamber cathode. While scaling must be mostly by trial and 
er ror ,  the range of electron emission from a tenth of an ampere to tens of amperes has 
been explored and appears practical. 

An electromagnet, if used, is perhaps the simplest and most predictable component 
of this ion source. A permanent-magnet design of comparable weight is also possible 
(ref. 14). 

The ion source proper, or ionization chamber, poses the most difficult problem for 
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I a new application. While some scaling laws a re  known, such as keeping a constant 
ratio of cyclotron radius to chamber radius, they do not lead to completely similar per- 
formance for ionization chambers of different sizes (refs. 15 and 16). Even greater 
discrepancies have been found for operation with different propellants (ref. 17). Thus 
there is a need for correlating the major effects of geometry and propellant changes on 
ionization- chamber performance. Further, if this correlation is to be useful, it should 
be simple and easy to apply. 

The objective of this report is to present a procedure for estimating the gross per- 
formance characteristics of electron-bombardment ionization chambers. The approach 
used was to  derive generalizing parameters for the discharge energy and propellant 
utilization by analysis of the more important ion-source processes. For maximum 
utility, these parameters should involve only overall ion-sour ce measurements and 
readily available propellant properties. 

generalizing parameters and the results of the analysis compared with the experimental 
performance. The analysis and the resulting correlations are intended primarily for 
singly ionized atomic propellants other than the low-ionization-potential alkali metals. 
There should, however, be some limited validity for atoms of low ionization potential 
and simple diatomic molecules. 

mass, and energy per ion or neutral - a r e  defined in mks units (similar to the SI or  
2 International System of units). The exceptions are in the frequently used units of rao, 

atomic mass units (amu), and electron-volts (eV). A l l  symbols are defined in the 
appendix. 

Experimental data from a number of investigations were plotted as functions of the 

All  quantities - with the exception of ionization cross section, atomic or  molecular 

ANALYSIS 
The purpose of this analysis is to derive parameters suitable for the correlation of 

electron-bombardment ion-source performance, and to indicate the approximate varia- 
tion of ion-source performance with variations of these parameters. The overall per- 
formance of the electron-bombardment ion source, shown schematically in figure 1, can 
be measured in terms of the propellant supplied to the ion source, the electrical power 
expended, and the extracted ion beam. The acceleration process, of course, requires 
power. This power, however, is readily estimated (at near 100-percent efficiency) and 
is not a concern in this report. Neither are the heater powers - if any - for the cathode 
and neutralizer, or the power to sustain the magnetic field - if a permanent-magnet de- 
sign is not used. Not only are these latter powers small compared with the discharge 
and acceleration powers in a well-designed ion source, but they also vary considerably 
with the specific designs selected. 
supply in fig. 1) is considered in this analysis. (Even if the efficiency of the ion source 
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is considered to be relatively unimportant, as in most ground-based applications, the 
discharge process often limits the overall system performance. 
ionization-chamber performance may push cathode requirements beyond the state of the 
art, o r  result in a complex cooling system to handle the large power losses. Also, the 
vacuum-pump capacity required for a given ion-beam current may be determined by the 
propellant utilization, o r  lack thereof. ) 

In the model assumed for  the ionization chamber, the mean free paths for all col- 
lision processes are much greater than the ionizationxhamber dimensions. 
field is thus necessary to contain the high-energy ionizing electrons for a long enough 
time to have ionizing collisions. 
the Debye shielding distance is very small compared with the chamber dimensions. 
Plasma neutrality must therefore be observed. 
plasma AV 
difference AVi. 
sheath, and primary electrons from the cathode a r e  injected into the ionization chamber 
with an energy of about qAVi. 
chamber is far from equilibrium (refs. 18 and 19). 
tion process, together with some primaries from the cathode that have lost most of 
their energy, form a near-Maxwellian low-energy group. 
form another group that extends from low energy to the initial injection energy. 
electron energy distribution is approximated in the analysis with two groups. 
group is assumed to be high-energy primaries at the initial injection energy, and the 
second group is assumed to be low-energy secondaries from the ionization process. 
This two-group model for  the electron distribution is a reasonable approximation only 

For example, poor 

A magnetic 

The plasma in the ionization chamber is dense, in that 

The radial potential difference in the 
is generally small compared with the total ionization-chamber potential 

Thus most of the potential difference AVi is found at the cathode 
P 

The electron energy distribution in the ionization 
The secondaries from the ioniza- 

The higher energy primaries 
This 

The first 
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Figure 2. - Ionization-chamber performance. 

if the product of the neutral density and the ionization cross section noQi is substan- 
tially larger than the product of the electron density and the coulomb cross section 

n-Qc. The rapid increase in coulomb cross section with decreasing electron energy 
therefore makes this model invalid at sufficiently low ionization- chamber potential dif- 
ferences. The electron distribution is also affected by the propellant utilization effi- 
ciency. For low utilizations, the high-energy primary electrons should be a small 
fraction of the total electron population, and the plasma properties should then be a 
function primarily of the secondary-electron density and energy. The primary-electron 
density must, of course, increase for higher propellant utilizations. The various 
assumptions made in this model will be discussed in more detail at appropriate places 
in the analysis. 

The usual form in which the propellant flow rate, discharge power, and extracted 
ion current are presented is as a plot of discharge energy (per ion) against propellant 
utilization, as indicated in figure 2. 
the AVi power supply in figure 1 divided by the ion-beam current. Although there a re  
some additional currents to  consider, the current from the AVi power supply is approx- 
imately equal to the emission from the cathode. The propellant utilization is defined as 
the fraction of the propellant flow that appears as ions in the extracted beam. The pro- 
pellant flow is usually assumed to be a constant value for a plot, such as figure 2, so 
that each propellant utilization corresponds to a particular value of extracted ion current. 
The propellant flow is usually expressed as an equivalent current (the current that would 
result if each neutral atom or molecule carried one electronic charge). The shape of 
the energy-utilization curve (fig. 2) varies considerably with changes in ion-source 
geometry or operating conditions, so that it is not possible to predict the entire energy- 
utilization relation with a simple analysis. Instead, two points have been selected as 
giving, by themselves, a fair indication of the curve shape. The first of these is the 

The discharge energy is defined as the power from 
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minimum discharge energy Xmin. As indicated in figure 2, there is usually little varia- 
tion in discharge energy at low propellant utilizations, so that some extrapolation to low 
propellant utilizations may be used without introducing a large e r ro r  into Smin. 

In general, there is no maximum value of propellant utilization. Increasing the dis- 
charge power serves to increase continuously the propellant utilization, although at an 
ever-decreasing rate. The usual limitations are the practical ones of cathode emission 
and the discharge-power requirement. Thus some degree of arbitrariness is involved 
in selecting a representative propellant utilization. The value used herein is the pro- 
pellant utilization corresponding to  a discharge energy 2 that is twice the minimum 
discharge energy Smin. This utilization is called the nominal propellant utilization 

and is indicated on the abscissa of figure 2. The analysis conducted in this %om 
section, then, is directed specifically at obtaining approximate mathematical expressions 
for the minimum discharge energy Smin and the nominal propellant utilization 
The generalizing parameters for bmin and qnom can, in turn, be determined from 
the form of these mathematical expressions. 

uno" 

Minimum Discharge Energy 

The derived form of the generalizing parameter will  depend on which physical 
process is assumed to be most important and thus can be expected to  control the 
similarity relation. The controlling process for the discharge energy was assumed to 
be the ohmic heating of the ionization-chamber plasma. As indicated in reference 1, 
efficient operation of this type of ion source requires a small radial potential difference 
in the plasma. In contrast, inefficient operation of an electron-bombardment source 
can result from a large potential difference in the plasma, with most of the discharge 
energy going into ohmic heating of the plasma. The ohmic heating typically produces 
much excitation, but little ionization. The validity and limitations of this controlling- 
process assumption will be discussed further in connection with the comparison of the 
analytical results and the experimental data. 

A base or reference level 8, can be introduced and defined as the value of S that 
would be obtained with a negligible potential difference in the plasma AV The mini- 
mum discharge energy Pmin (at conditions other than with negligible AV should thus 
be a function of go and AV AVi. Specifically, the useful energy for ionization should 
vary as AVi - AVp . Thus the base level of discharge energy should be multiplied by 
the factor AVi/(AVi - AVp), and 

2 
p/ 

- $0 

. AvP 
'min - 

I-- 
AVi 
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Most of the following analysis to determine Bmin is devoted to obtaining an expression 
for the radial potential difference AV in equation (1). 

The radial potential variation in the plasma is assumed to be governed primarily by 
the mobility of the low-energy secondary electrons, since the primary electrons should 
constitute a small fraction of the total electron population at low propellant utilizations. 
There is, of course, one secondary electron produced for  each ion extracted from the 

L source. More ions are produced, however, than a r e  extracted. Most of the ions that 
reach the downstream end of the ionization chamber are extracted from the source. The 
ions that go upstream, though, become neutralized at the upstream boundary of the 
ionization chamber. For simplicity, a number of ions equal to the number extracted 
will be assumed to go upstream. Ions will also be lost to the cylindrical side wall (or 
anode), but the radial potential gradient in the plasma reduces these losses. The total 
production rate of secondary electrons, then, is assumed to correspond to twice the ion- 
beam current. Assuming, for simplicity, a uniform plasma throughout a cylindrical 
ionization chamber of length Qi and radius ri gives the differential form of Ohm's law 

P 

. 

with V 
and J - the secondary-electron current produced within the radius r. A s  already indi- 
cated, this electron current can be expressed in terms of the ion-beam current density 
j+ (the average value over the total accelerator area): 

the plasma potential, ul the radial conductivity across the magnetic field, 
P 

2 
+ J = 27rr j - 

Using equation (3) gives equation (2) in the form 

j+r dr 
dV =- 

ial 
P 

Integrating V from 0 to  V and r from 0 to  ri yields 
P P 

(4) 

For the conductivity ul, a simplified approach - in which all the secondary elec- 
trons are assumed to be moving at the same velocity - should be adequate for the 
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approximate result required herein. The root-mean-square (rms) value was used for 
that velocity. The r m s  velocity of an electron is 

with v 
ature in OK can be obtained from eq. (6) by substituting the product kT for q v  . ) The 
symbols q and m are the electronic charge and mass of an electron. The r m s  electron 
velocity is used to  obtain the conductivity of a plasma in the absence of a magnetic field 
(given in similar nomenclature in ref. 20): 

the electron temperature in volts. (The equivalent expression with the temper- - 
- 

The quantities Q and n are the electron mean free path and density. The strong- 
field approximation for electron conductivity normal to a magnetic field, which is 
appropriate for electron motion in an ionization chamber, is 

- - 

The product of electron cyclotron frequency and collision time w T may be replaced 
by the ratio of electron mean free path to cyclotron radius QJFc (note that 1 equals 
T v , and TC equals T /a ): 

- -  
- - 

- -  - -  

-2 
14 n-rc 

Q V 'I2 

The cyclotron radius of an electron with a velocity v is - 

Using the r m s  velocity Y 
radius in terms of v : 

from equation (6) to substitute for v gives the cyclotron - - 
- 
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The conductivity in the absence of a magnetic field given by equation (7) is only about 
one-third of the value given in reference 21 for a Maxwellian electron-velocity distribu- 
tion. 
Maxwellian distribution is responsible for most of the conduction. For the strong- 

fied approach of equation (9) is within about 10 percent of the corresponding Maxwellian- 
distribution approach. Thus equation (9) for aL is sufficiently accurate to use in the 
plasma potential difference expression, equation (5). The variables of equation (9), 
though, a re  not suitable for a generalizing parameter based on overall measurements and 
readily available properties. Equivalent expressions for the electron mean free path, 
density, and temperature will therefore be obtained. The electron cyclotron radius is 
not particularly easy to obtain either, but it is useful for  the physical interpretation of 
results when expressed as a ratio with the ionization-chamber radius. 

The minimum radial potential difference in the plasma AV 
propellant utilizations, where collisions with neutrals are the dominant factor in deter- 
mining the electron mean free path. For the uniform-electron-velocity approach used 
herein, 

t This difference is due mostly to the fact that the high-velocity portion of the 

magnetic-field case (which is the one of interest for an ionization chamber), the simpli- < 

is obtained at low P 

The neutral density no can be determined from the neutral velocity, the neutral flow 
rate, and the ionization-chamber configuration. The r m s  neutral velocity is 

The typical projected-area blockage of the accelerator system is about half of the total 
area (ref. 7). This blockage is used as an estimate of the flow obstruction, along with a 
neutral equivalent- current density jo (based on the ionization-chamber cross section, 
which equals the accelerator total area), to obtain the neutral density upstream of the 
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accelerator system from free-molecular-flow theory. The neutral density is thus 
1 approximately 6.52 jo 

n =  
- 0 

qvO 

Variations of neutral density within the ionization chamber were ignored, so  that equa- 
tion (14) was assumed to  apply throughout the chamber. Using equation (13) for the 
neutral velocity io and assuming a typical neutral temperature of 500' K (the neutral 
temperature is primarily a function of the ionization-chamber wall temperature) result 
in the evaluation of the neutral density as 

no = 2 . 8 3 ~ 1 0 ~ '  joM 1/2 

Finally, if the neutral mass is expressed in the more-convenient atomic mass units 
(amu) of W, equation (15) becomes 

16 1/2 n = 1.15X10 joW 0 

The use of a 50-percent blockage for neutrals might indicate to the reader that a 
similar blockage should have been used for ions reaching the downstream end of the 
ionization chamber. The local electric field, though, tends to direct the ions around the 
grids, so that the effective blockage for ions is much less than that indicated by the 
projected- area blockage. 

To evaluate Qo, the secondary-electron temperature is needed. For most atoms 
the excitation of neutrals limits the secondary-electron temperature 7 - in a plasma 
with a fair number of neutrals to roughly half the first ionization potential 'pi (refs. 13, 
18, and 19). A secondary-electron temperature of qi/2 will therefore be assumed 
in this analysis, which corresponds to an rms electron energy of 3qi/4. Less data 
are generally available for the electron-neutral collision cross section Qo than for the 
maximum cross section for single ionization Qi. Since Qi is also required for the 
subsequent analysis of nominal utilization, expressing Qo in te rms  of Qi is preferable 

'The constant 6.52 was obtained by using the current density in a single hole as a 
starting point. The neutral density far upstream from a single hole is given by a con- 
stant of 4.34 in eq. (14). Making allowance for a 50-percent blockage in the flow area 
would increase the constant to 8.68. Immediately upstream of the grid, the density of 
neutrals moving in the downstream direction is the same as it is far upstream. The 
density of neutrals moving upstream at that location, though, is cut in half - as a result 
of the 50-percent blockage. The density immediately upstream of the grid is thus given 
by a constant that is 25 percent less than 8.68 - or 6.52. 
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t o  using Qo directly. From reference 22, the value of Qo at an electron energy of 
3qi/4 varies from about 4 to 8 times Qi for a number of gases. A mean value of 
6Qi will therefore 

2 be inunits of na0. 
be used in place of Qo. To avoid 
With the proper substitutions for 

1. 1 5 ~ 1 0 ~  Q =  

large negative exponents, Qi will 
n and Qo7 equation (12) becomes 
0 

(17) 

The secondary-electron density is, of course, close to the ion density n+. The 
< latter can be estimated from Bohm’s criteria for a stable plasma sheath. According to 

this criterion (ref. 23), the ions arriving at a sheath must have a directed velocity equiva- 
lent to at least half of the electron temperature. Using 
gives the ion drift velocity toward the ends of the ionization chamber 

/2, with ? equal t o  qi/2, - 

where M is the ion mass. The ion density in the ionization chamber, then, can be 
approximated with the ion-beam current density j+ divided by the product of electronic 
charge and ion velocity qv+: 

- j+ n+ - - 
qv+ 

Using equation (18) for the ion velocity gives equation (19) in the form 

j 
28 + n+ = 2.2OX10 

0 1/2 
’ i  

Or, in terms of the mass W in amu, 

j w1/2 

1/2 
14 + n+ = 8.99x10 

V i  

‘Atomic hydrogen, H1; diatomic hydrogen, Ha; helium, He; diatomic nitrogen, N2; 
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Using equation (17) for Q - , equation (21) for n - (assumed equal to  n+), and ai/2 
for V - gives equation (9) as 

2 j o +  j Q.F'W 1 c  
0' = 2.99x10- 

Using this conductivity gives equation (5) in the form P 

16.7 pi (57 
AVp = 

joQiQiW Fc 

Note that the ion-beam current density j+ does not appear in the preceding equation. 
Thus any small value of j+ is reasonable as long as the electron-neutral collisions 
dominate and the neutral density is not appreciably depleted. 

AV 
energy for maximum single-ionization cross section ai). 
difference to discharge potential difference is 

The plasma potential difference AV 
AVi. 

appears in equation (1) only in the ratio 
P 

Using a typical value of 4qi for AVi (4qi is generally near the electron d 
The ratio of plasma potential 

2 AV P= 

Using equation (24) in equation (1) and rounding off the numerical constant to correspond 
to  the accuracy of the analysis give 

To estimate X0, it is noted that a typical ionization energy for high-energy elec- 
trons is 30 eV per ion. The relative increase in excitation cross section compared with 
the ionization cross section at low values of electron energy (near 4pi) would tend to 
increase this energy. Thus, perhaps 50 eV per ion might be a reasonable base level 
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for ion production in an ionization chamber. With only half the ions escaping into the 
beam, the value of So in equation (25) might be estimated at about 100 eV per ion. This 
value will be used in the initial comparison with experimental discharge-energy data. 

As discussed in this derivation, the rms  velocity is used for secondary electrons. 
When equation (11) is expressed in terms of the assumed secondary-electron temperature 
of qi/2, the r m s  electron cyclotron radius to be used in equation (25) becomes 

To summarize this derivation, the controlling process was assumed to be ohmic 
heating of the ionization- chamber plasma. The other major assumptions made were 

(1) A neutral temperature of 500' K 
(2) A 50-percent accelerator blockage as the only neutral-flow restriction 
(3) The discharge potential difference equal to 4 times the first ionization potential 

(4) Equal numbers of ions going to the two ends of the ionization chamber, with only 

(5) Directed ion velocities toward the ends of the chamber in accord with Bohm's 

(6) The motion of secondary electrons dominated by collisions with neutrals 
(7) The excitation of neutrals limits the secondary-electron temperature to the 

(8) All  secondary electrons moving at rms  velocity 
(9) An electron-neutral collision cross section equal to 6 times the maximum cross 

(10) Uniform ion production rate, particle densities, and particle energies throughout 

of the propellant 

the downstream ions being extracted 

criteria for a stable plasma sheath 

equivalent of half the first ionization potential 

section for single ionization 

the ionization chamber 

Nomina I P rope I la nt Ut i  I izat ion 

Since an approximate analytical expression for the minimum discharge energy S min 
has been derived, an equivalent analysis for the nominal propellant utilization qnom is 
in order. The propellant utilization is assumed to be the integrated probability of 
ionization p i  for neutrals passing through the portion of the ionization chamber in which 
beam ions a re  produced. The incremental probability for low propellant utilizations 

<< 1) is simply the product of the electron-neutral ionizing (qnom 
neutral residence time, the velocity of the ionizing electrons, and 

cross section, the 
the incremental density 
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of the ionizing electrons - or Qitov-dn - . The multiplication by the factor 1 - pi is 
necessary for the integration to propellant utilizations near unity. In effect, the ions 
that are the result of integration to  any propellant utilization must be subtracted from 
the remaining neutrals - since ionized neutrals cannot be re-ionized. The differential 
equation for probability of ionization, then, is 

and n from 0 to  n results in Integrating pi from 0 to  qnom - - 

= 1 - exp(n-Qitov- ) %om 

The major assumptions for the preceding integration are uniformity of electron density 
and energy throughout the ionization chamber. Also, all neutrals should have the same 
residence time. The variables of equation (28) a r e  not suitable for a simple generalizing 

2 parameter. With the exception of Q ,  which will again be expressed in units of na0, 
these variables should be replaced by others that are easier to  obtain. 

from the cathode and accelerated through the cathode sheath to an energy of about 4pi. 
The density of these ionizing electrons is small at low propellant utilizations and must 
be increased to obtain higher utilizations. The increase in discharge energy (per ion) 
that accompanies any substantial increase in utilization is due, in part, to the accom- 

. The increase in AV is, in turn, panying increase in plasma potential difference 
partly due to the ionizing electrons becoming a greater fraction of the total electron 
population. The associated decrease in neutral density will tend to  increase the electron 
mean free path and thus, as indicated by equation (9), also tend to increase AV 

A s  a result of the variety of operating conditions that can exist, doubling the dis- 
charge energy (to does not correspond to the ionizing electrons reaching any 
fixed fraction of the electron (or ion) population. For the approximate approach used 
herein, and for the lack of a better relation, it will be assumed that the primary-electron 
density at the nominal propellant utilization equals half the ion density of equation (21): 

The ionizing electrons are, of course, the high-velocity primaries that a re  emitted 

AvP P 

P' 

Assuming that the extracted ions come only from the downstream half of the ioniza- 
tion chamber results in the average residence time for a neutral in that half: 
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'i 
- noq 
2 t =  0 

JO 

Using equation (16) for no gives the average time available for ionization: 

4 1/2 to = 9.2lX10- QiW 

The ionizing electron velocity is, of course, 

With the substitution of 4<pi for the electron potential 

6 1/2 
1/2 

v - =(?) = 1.19x10 'pi (33) 

2 Using equation (29) for n - , equation (31) for to, equation (33) for v - , Qi in "ao 
units, and with the numerical constant appropriately rounded off gives equation (28) as 

qnom = 1 - exp(-0.004 j+liQiW) (34) 

To summarize the derivation for the nominal propellant utilization, the controlling 
process was assumed to  be the probability that a neutral would be ionized by primary 
electrons in the portion of the ionization chamber in which beam ions are produced. The 
further assumptions, in addition to  those mentioned for the derivation of minimum dis- 
charge energy, were 

(1) All primary electrons are at an energy equivalent to the total discharge potential 

(2) The ionization cross section for neutrals is equal to the maximum value for single 

(3) All beam ions come from the downstream half of the ionization chamber 
(4) The primary-electron density is equal to half the ion density indicated by Bohm's 

difference 

ionization 

criteria and the secondary-electron temperature 
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General iz ing Parameters 

With the number of approximations and assumptions that are involved in the deriva- 
tions, accurate numerical estimates should not be expected. The functional relations 
implied by equations (25) and (34), though, may have significance in correlating experi- 
mental results. The groupings of independent variables in these equations are 
j Q.Q.W(FJri)2 and j+QiQiW. Equations (25) and (34) can be rewritten as general 
functions of these groupings: 
0 1  1 

‘min = f [joQiQiW(F@i)2] (3 5) 

qnom = f(j+QiQiW (36) 

If the controlling processes have been assumed correctly, and if the other assumptions 
a re  at least qualitatively correct, then the functional relations (35) and (36) should be 
valid - even if the numerical results of equations (25) and (34) are not; that is, data for 

‘min and qnom 
correlate when plotted against the respective parameters joQiQiW(Fc/ri)2 and j+QiQiW. 
Such correlations a re  presented in the next section. 

from a variety of source geometries and operating conditions should 

COMPARISON WITH EXPERIMENT 

The parameters derived in the preceding section a r e  used to correlate experimental 
data in this section. Before presenting the correlations, though, the sources and 
accuracy of the experimental data should be discussed. 

Sources and  Accuracy of Data 

The maximum-cross-section data for single ionization were obtained from refer- 
ence 24 for the propellants used herein. These cross sections, together with the corre- 
sponding atomic weights and first ionization potentials are shown in the following table: 
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Propellant First ioniza- 
tion potential 

(oi J 

Atomic hydrogen 
Diatomic hydrogen 
Atomic nitrogen 
Diatomic nitrogen 
Argon 
Krypton 
Cesium 
Mercury 

Maximum cross 
section for first 

ionization, 

Neutral 
mass, 
w, 

amu 

1.0 
2.0 
14.0 
28.0 
39.9 
82.9 
132.8 
200.6 

eV 

I 

13. 6 
15. 6 
14.5 
15. 5 
15.8 
14.0 
3.9 
10.4 

0. 8 
1.1 
1.5 
2.8 
4.0 
5.5 
13.0 
6. 5 

Faired values of experimental ionization- chamber performance data were obtained 
from references 1, 13, 16, 17, 25, and 26. Considerable unpublished data from past 
experiments at the Lewis Research Center were also used. The discharge-energy and 
propellant-utilization data were generally accurate within -+5 per cent. 
fairing data and poor data reproducibility increased the e r ro r  to *20 or 30 percent in 
several of the very low utilization points. All mercury propellant data were corrected 
for multiple ionizations (by reducing the propellant utilization) using the mean variation 
of the experimental data in reference 27, although the correction was usually within the 
cited uncertainty. Multiple ionizations at high discharge potential differences in propel- 
lants other than mercury caused an additional uncompensated error .  The performance 
at such conditions, though, was generally so poor that the effect of multiple ionizations 
was relatively unimportant. The ions for the diatomic gases investigated were approxi- 
mately 80 percent diatomic by a mass spectrometer in the ion beam. Small differences 
in the assumed percentages of diatomic and monatomic ions had little effect on the degree 
of correlation, so that assumed percentages of diatomic and monatomic ions of 80 and 20 
percent were considered sufficiently accurate. For higher propellant utilizations than 
are presented herein for  diatomic gases, the percentage of monatomic ions would be ex- 
pected to increase. 

tion chamber was used. This location of minimum-magnetic-field strength was almost 
always immediately upstream of the accelerator grids. When the radial variation at 
this minimum-strength location was significant, a mean value of the field was used. 

Despite the various sources of experimental e r ror ,  the major cause of data varia- 
tion was probably not e r ror ,  but detailed differences in ion-source geometry. Examples 
of such differences are the various modes of propellant injection investigated in refer- 
ence 28, the variation of magnetic-field shape used in reference 29, and the details of 
the various accelerator systems tested in reference 7. These differences can result in 

Uncertainties in 

For magnetic-field strength, the axial location with the minimum value in the ioniza- 
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Discharge-energy parameter, j,,$QiWFc/ri)z 

Figure 3. - Discharge-energy data. 

a *50-percent variation in discharge energy and a *20-percent variation in propellant 
utilization at otherwise good operating conditions. 

Correlat ion of Data 

The minimum-discharge-energy data are plotted as a function of the discharge- 
energy parameter in figure 3. The agreement with the predicted variation of equa- 
tion (25) is, at first glance, rather poor. (The estimated discharge energy of 100 ev/ion 
was used as the base level of discharge energy S o  in eq (25). ) Examination of the data 
with high discharge energies, however, is revealing. Almost all such data that are far 
above the predicted trend have discharge potential differences AVi that a re  less than 
2. 0 times the first ionization potential vi, or  a cyclotron radius for the primary 
electrons rc that is greater than 0. 45 times the ionization-chamber radius ri. (The 
primary-electron cyclotron radius can be determined from eq. (10) and eq (32), with 
V - replacedby AVi: 

1/2 
6 "i 

B 
rc = 3.37X10- (37) 

Considering the critical nature of the rc/ri limit and the ease of calculating rc, the 
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actual value of AVi is preferred over the approximation 4qi. ) Thus the greater 
discharge energies of these data correspond to  either primary-electron energies well 
below the optimum for ionization cross section, or cyclotron radii for the primary 
electrons that are large enough to permit many of them to reach the anode without colli- 
sions. (The critical value might be expected to be 0. 50 instead of 0.45, but the finite 
size of the cathode makes the latter value more appropriate. ) 

If the tailed symbols in figure 3 a r e  ignored, there is still a substantial discrepancy 
between the general trend of the data and equation (25). The higher values for  the exper- 
imental data indicate that other losses, other than those considered in the discharge- 
energy analysis, are significant. Guesses can be made as to the sources of these addi- 
tional losses (such as ions reaching the anode and plasma turbulence increasing the loss 
of primary electrons to  the anode), but present knowledge does not permit more than a 
guess. 

metal propellant investigated, and the electron-neutral collision cross section for such 
propellants averages about 40 times the maximum ionization cross section (from sodium, 
potassium, rubidium, and cesium data in ref. 22) - instead of 6 times, as assumed in 
the analysis. The model assumed in the preceding section also had two groups of elec- 
trons in the ionization chamber, with the ionizations produced almost entirely by the 
high-velocity primary electrons. This model is justified in that a primary electron 
normally has a high probability of having an ionizing collision with a neutral before it 
loses a substantial amount of energy to the secondary electrons by coulomb collisions. 
The low discharge potential differences used with cesium, though, reverses the probable 
mechanism of primary-electron energy loss; that is, a primary electron in a low AVi 
cesium discharge has a high probability of losing most of its energy to the general elec- 
tron population before having an ionizing collision. Most of the ionization in this type of 
cesium discharge, then, is provided by the "Maxwellian tail" of the general electron 
distribution, instead of by primary electrons. This would be a very inefficient ionization 
process for most propellants, but the low ionization potential of cesium keeps the dis- 
charge energy low. The basic difference between the usual discharge process and the 
discharge process with cesium (or probably any other low-ionization-potential propellant) 
at a low value of AVi, however, makes the use of the derived generalization parameters 
questionable. It would be interesting to compare the effects of high and low values of 

for a AVi greater than 2q i  are not AVi, but sufficient data to obtain Smin 
available for cesium. In any event, the low values of AVi used with cesium do not 
have the same significance that they would have with higher ionization-potential propel- 
lants. 

lants might be expected to  have lower discharge energies than other propellants. 

The cesium data in figure 3 constitute a special case. Cesium is the only alkali- 

and qnom 

For the same value of discharge-energy parameter , low-ionization-potential propel- 
From 

19 



I I l l  

'"i I Mercury  I I 
n  cesium^ 
o Krypton 
A Argon c 

C 
Diatomic n i t r w e n  

2 
1 

/ 
/ 

/ 
/ 

0 

0 

0 

0 
I 

P 

PP 

2 5 2 5 
103 102 

5 

Propellant-uti l ization parameter, j,riQiW 
104 

2 
105 

Figure 4. - Propellant-uti l ization data. 

the data in figure 3, though, no significant effect of ionization potential is apparent. The 
explanation might be that a higher fraction of the discharge energy is generally expended 
on excitation in low- ionization-potential propellants. This explanation is partly 
supported by the data on ion production by very high-energy electrons in reference 30. 
The energy per ion drops with decreasing ionization potential in reference 30, but at a 
much less than linear rate. Regardless of the explanation, the data of figure 3 indicate 
that the best simple correlation for all propellants is obtained by ignoring any possible 
effect of propellant ionization potential on experimental discharge energy. 

The nominal propellant utilization data a r e  plotted as a function of the propellant 
utilization parameter in figure 4. In this plot, only one point (other than with cesium 
propellant) has a AVi/qi less  than 2.0,  but that point indicates that a low discharge 
potential difference also has an adverse effect on nominal propellant utilization. (It 
should be mentioned that the data in fig. 4 do not necessarily correspond to those in 
fig. 3 .  Some ionization-chamber data were available over a considerable but low range 
of 7.  Thus gmin could be available without a corresponding value of qnom. The con- 
verse occurred when k rose very rapidly at high values of q . Under these conditions, 
even a rough estimate of Jmin was sufficient for an accurate determination of qnom. ) 
On the other hand, a large cyclotron radius for primary electrons does not have an 
adverse effect on nominal propellant utilization. Apparently the effect of a large rc is 
to increase the 2 at all values of q - that is, to raise the wh6le energy-utilization 
curve shown in figure 2. Thus, doubling Xmin to obtain qnom could give the same 
value of qnom, regardless of the absolute level of Zmin. 

7 
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Figure 5. - Discharge-energy correlation. 

Although the experimental data in figure 4 a re  lower than the curve of equation (34), 
they show the same general trend. An interesting aspect of figure 4 is that the nominal- 
propellant-utilization data at large values of the propellant-utilization parameter level 
out at a mean value of approximately 0. 8, while the predicted values approach unity. The 
experimental data of reference 17 show that the primary-electron density drops rapidly 
as the outer wall, or anode, is approached, contrary to  the assumption of uniformity 
made in the analysis. The neutrals could escape from this outer region with a probability 
of ionization much lower than the mean value, and unity propellant utilization should be 
approached at a much slower rate  than indicated by equation (34). 

data with low discharge potential differences (except for cesium propellant data) and data 
with large cyclotron radii for the primary electrons. In addition, equation (25) was 
modified slightly by using 300 eV per ion as the base level of the discharge energy 2,: 

The minimum-discharge-energy data a re  replotted in figure 5, with the omission of 

The change from 100 to  300 eV per ion cannot be justified with the present poor under- 
standing of ionization-chamber processes, except to  say that it gives a better f i t  to the 
experimental data. 
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Figure 6. - Propellant-uti l ization correlation. 

With a few exceptions, the experimental correlation is within about &50 percent of 
equation (38). This degree of correlation is about as close as can be expected without 
specifying design details. 

of data with low discharge potential differences (again, except for cesium propellant 
data). Also, equation (34) was modified by multiplying the right side by a factor of 
0.8 to approximate what are thought to be outer-wall effects, and by replacing the con- 
stant 0.004 with 0.002 to shift the curve to the right: 

The nominal-propellant-utilization data are replotted in figure 6, with the omission 

%om = 0.8Ll  - exp(-0. 002 j+liQiW>l (3 9) 

Again, the best justification for these changes is simply the improved fit to the experi- 
mental data. The largest percentage discrepancy in figure 6 is for the single point of 
diatomic nitrogen, where the experimental value is only about one-fourth of the equa- 
tion value. The only other point below a nominal propellant utilization of 0.2 is for  
diatomic hydrogen, with the experimental value about 50 percent greater than the equa- 
tion value. Above a nominal propellant utilization of 0.2, which is the range of greatest 
interest, experimental values are within about *20 percent of equation (39). This 
degree of correlation is again about as close as can be expected without specifying de- 
sign details. 

The assumptions used in the preceding section are, to some extent, validated by 
the degree of correlation shown in figures 5 and 6. With the change in So from 100 
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to 300 eV/ion, the general agreement between experiment and theory is quite good for 
the discharge-energy correlation. This agreement does not necessarily mean that the 
assumed loss mechanisms a r e  responsible for all the variation in discharge energy. For 
example, operation at high magnetic fields has been recognized for some time as a cause 
of considerable plasma noise (similar to that measured in ref. 21). The potential fluctu- 
ations of this noise would scatter primary electrons, often permitting them to reach the 
anode without producing ions. Thus the increased discharge energy at low values of the 
discharge-energy parameter could be the result of either a large plasma potential dif- 
ference (as assumed), or increased plasma turbulence, or both. The difference in base 
levels, though, indicates that more than the assumed loss mechanisms are involved. 

Application of Correlation to Design 

The highest propellant utilization and the lowest discharge energy that can be con- 
veniently obtained are, of course, desirable for any application. But practical con- 
siderations of size, weight, and mechanical complexity usually restrict the performance 
that is actually obtained. 
experimental-data correlations shown in figures 5 and 6. To avoid the region of greatly 
increased discharge energy, the value of the discharge-energy parameter should be 
greater than about 10 for almost any application. For the propellant-utilization parame- 
ter, a range of values may be of interest. A utilization of about 0. 5 might be adequate 
for either a satellite attitude-control thrustor or a large ground-based ion source. An 
ion source is mt required to operate at a propellant utilization equal to the nominal 
value, but any large departure from the nominal value is usually wasteful of power o r  
propellant mass. 
mately synonymous with the operating propellant utilization. 
of 0. 5, then, the propellant utilization parameter should equal, or exceed, a value of 
about 500. For a large ion thrustor serving as a component of the main propulsion 
system of a spacecraft, the propellant-utilization parameter should have a value of 
about 2500 to obtain the high utilization typically required for this application. 

Several mathematical expressions a re  useful for the application of the correlation 
to design problems. A convenient starting point for a design is to assumed a value for 
the propellant utilization, and hence for the propellant-utilization parameter. Since jo 
equals jJqnom, part of the discharge-energy parameter can then be calculated: 

Equations (38) and (39) are  fair approximations of the 

Thus the nominal propellant utilization will be assumed to be approxi- 
For a propellant utilization 

j+Q iQiW 
joQ iQiW = 

rn 

''nom 

The ratio of Fc to ri can be determined from the preceding result, the assumed value 
for the discharge-energy parameter, and the following identity: 
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1 joQiQiW 

The ratio of rc to Fc is useful for converting between Fdri and rc/'i. Dividing 

equation (37) by equation (26) gives 

The sequence of steps to calculate operating conditions for  a given value of propel- 

(1) From assumed qnom and either equation (39) or figure 6, determine j+QiQiW. 
(2) With Qi and W of assumed propellant, assumed value of j+, and jJ iQiW, 

(3) From assumed ion current and j+, determine ri. 

(5) To maximize joQiQiW (Fc/ri) , -ic should be a maximum. Thus AVi/qi should 

lant utilization a r e  as follows: 

calculate Q i. 

j Q.Q.W, and equation (40), find joQiQiW. 
2 

(4) Using qnom, + 1 1 

be slightly above the lower limit of 2.0, and rc/ri should be slightly below the upper 
limit of 0.45. Assume 2. 5 and 0.35 as starting values. Note that the AVi/qi and 
rc/ri limits were discussed in connection with figure 3 .  

(6) From pi of assumed propellant and AVi/qi, find AVi. 
(7) With ri and r&i, find rc. 
(8) Using AVi, rc, and equation (37), calculate B. 
(9) From AVi/qi and equation (42), determine rdTc .  

(10) From rc/ri and rJFc find "ri. 
(11) Using joQiQiW and y@i, calculate j0QiQiW@fii) . 
(12) With joQiQiW(Tc/ri)2 and either equation (38) or figure 5, determine eV per ion. 

2 

Startingwith a value of 0. 5 for qnom, this procedure gives a value of 37 for 
2 j Q.Q.W(F8i)  . The minimum discharge energy should thus be between about 200 and 

500 eV per ion, and the discharge energy near the nominal utilization should be twice 
as much. 

may be considered sufficient 
to obtain good performance. This value of 10 and the value of joQiQiW from step (2) 
can be used to  find the ratio Fc/ri from identity (41). With a reasonable value of 4qi 
for  AVi, %dri, and equation (42), a value of 0.23 is found for rc/ri. The ratio 

0 1  1 

2 On the other hand, a value of 10 for joQiQiW(Tc/ri) 
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rJri is thus well below the limit of 0.45. The value of jol.iQiW(F&i)2 indicates a 
minimum discharge energy between about 250 and 750 eV per ion. The decrease in 
rdri from the preceding example indicates that the magnetic field is almost doubled. 

A point demonstrated by these calculations is that there usually is a range of opera- 
ting conditions that is acceptable from the viewpoint of discharge-energy requirements. 
If optimum performance is not required, simply assuming values for the ratios AVi/qi 
and rdri will fix the particular operating point within this range. For optimum 
performance, however, considerable trial-and-error work must be done. For example, 
most of the variations evaluated in reference 29 are within an acceptable range, as far 
as the performance correlation is concerned. The range of performance obtained in 
reference 29, though, is ample evidence that an optimum design is not completed with 
the performance- correlation calculations. The use of the performance correlation 
should constitute only the first step in obtaining a near-optimum design. 

- 

Additional Design Constraints 

There are a number of limits to observe in applying the results of the performance 
correlations. The most basic limit probably is that the ionization chamber is only one 
of several thrustor or ion-source components, and an operating point has to be reason- 
able for all the components - not just the ionization chamber. Thus the ion-beam-current 
density j+ selected for  the ionization chamber should not exceed the space-charge limit 
for the accelerator system; the combination of total ion-beam current, total discharge 
power, and discharge potential difference should not require a cathode emission beyond 
what is available. 

The ionization-chamber limits for r,/ri( 50.45) and Vi/qi(22. 0) have been men- 
tioned. The different mode of operation that can be obtained at low discharge potential 
differences with cesium, or  presumably with any other low-ionization-potential propel- 
lant, has also been mentioned. The use of atoms with metastable states might be ex- 
pected to  extract more useful energy from the secondary electrons, but the data for 
argon in figure 5 show no such advantage. 
versus diatomic ions. Although the diatomic-gas data presented herein were for pre- 
dominantly diatomic-ion beams, data in references 5 and 6 indicate that ion beams 
should be mostly monatomic for propellant utilizations of 0. 5 or higher. Molecules more 
complex than diatomic tend to fragment excessively (refs. 31 and 32). Also, the many 
possible modes of excitation for complex molecules tend to make the estimation of 
secondary- ele ctron temperature very difficult . 

source problems apparently is to increase the ionization- chamber length ai. However, 

Diatomic gases have the problem of monatomic 

i 

There a re  also geometric limits to observe. The natural solution to many ion- 



as shown in reference 29, increasing Q i  is not an unmixed blessing. 
length-to-radius ratio Qi/ri, the discharge energy increases instead of decreases. This 
effect does not disprove the correlation of figure 5, but is simply one of the effects in- 
cluded within the data spread. All  but two of the points in figures 5 and 6 were within the 
li/ri range from 1. 5 to 3.3. These two additional points were at 0.7 and 5.0. The lack 
of larger values of Qi/ri is particularly important near the critical value of 10 for the 
discharge-energy parameter, where the benefits are presumably greatest. 

An interesting geometrical variation was used for part of the investigation reported 
in reference 17. Only the central quarter of the accelerator area was used, although the 
anode remained its original diameter. This modification was accomplished by covering 
holes in the upstream accelerator grid for all except the center half of the radius. From 
other current-density profiles, it is estimated that only about half of the ions that reached 
the accelerator end of the ionization chamber were lost as the result of covering acceler- 
ator holes. On this basis the discharge energy per beam ion should have been, and was, 
about double the uncovered-accelerator value. The a rea  for neutral escape, though, was 
reduced by a factor of 4. Thus the propellant utilization was substantially improved. 
Using only the central portion of the accelerator grids can therefore serve to increase 
the propellant utilization, but only at the cost of an increased discharge energy. 

A few closing comments on design of an electron-bombardment ion source may be 
useful. Operation is generally best with a magnetic field that decreases in strength con- 
tinuously in the downstream direction. The best range of minimum-to-maximum field- 
strength ratio is from 0.4 to 0. 8. For the cathode, more emitting area generally de- 
creases the lower stable limit for AVi. Area that is associated with the cathode and 
its support, other than emitting, should be minimized. The mode of propellant intro- 
duction into the ionization chamber is best solved with some degree of trial and er ror .  
For very low ion-current densities, the performance is generally best with the propel- 
lant introduced near the cathode. 
propellant introduction is generally best. If parallel plates with hexagonal arrays of 
holes a re  used for an accelerator system, the upstream grid should have not more than 
about 50-percent blockage, and a thickness not more than about a third of the hole 
diameter. 
the thickness increased substantially without adverse effects. 

Beyond a certain 

For  high ion-current densities, a more uniform 

For the downstream grid, the hole diameter can be decreased slightly and 

CONCLUDING REMARKS 

The minimum discharge energy (per ion) Xmin and the propellant utilization ob- 
tained at a discharge energy of Zmin (the nominal propellant utilization qnom) were 
selected as giving, by themselves, a fair representation of overall ionization- chamber 
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performance. The generalizing parameters derived to  correlate experimental data were 
2 j Q.Q,w(- rc/ri) (the discharge-energy parameter) and j+Qi&iW (the propellant-utilization 

parameter). The units are those of the mks system except for- &i (in aao units) and 
W (in amu). Using these generalizing parameters correlates the experimental data 
within about ,t50 percent for minimum discharge energy and about &20 percent for nominal 
propellant utilization. The minimum discharge energy remains nearly constant at about 
300 eV per ion over most of the range of discharge-energy parameter, but r i ses  rapidly 
at values less than about 10. The nominal propellant uitlization is near 0.8 at values of 
the propellant-utilization parameter above about 2000, but decreases at smaller values. 

Two of the limits on the correlations are: the discharge potential difference should 
be at least 2.0 times the first ionization potential of the propellant, and the cyclotron 
radius of the primary electrons should be less than about 0.45 times the ionization- 
chamber radius. The correlations are applicable to most atomic propellants. The areas 
of uncertainty concern low-ionization-potential propellants and diatomic gases. Accord- 
ing to the correlations, performance is generally improved for long ionization chambers. 
Extensive data, though, are not available for length-to-radius ratios greater than about 3. 
Also, the effect of length-to-radius ratio is probably one of the secondary effects that 
are masked by the data spread of the correlation. This data spread appears to be due to 
variations in design details, other than those included in the correlating parameters. 

2 0 1  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, July 15, 1965. 
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APPENDIX - SYMBOLS 

B 

$ 

'min 

$0 

J - 

j0 

j+ 

k 

M 

m 

0 
n 

n+ 
n 

Pi 

QC 

- 

first Bohr radius, 
5. 292X1O-l1 m 

magnetic-field strength, Wb/sq m 
4 (1 m / s q  m = 10 gauss) 

discharge energy, eV/ion 

minimum discharge energy, 
eV/ion 

base level of discharge energy 
parameter) , eV/ion 

electron current, A 

equivalent current density of 
neutrals (current density 
that would result if each 
neutral carried one elec- 
tronic charge), A/sq m 

ion-beam current density, 

A/sq m 

Boltzmann constant, 
1 . 3  8 0 ~ 1 0 - ~  J/( OK) (molecule) 

ionization- chamber length, m 

electron mean-free-path 
length, m 

ion o r  neutral mass, kg 

electron mass, 9. 107X10-31 kg 

neutral density, number/cu m 

ion density, number/cu m 

electron density, number/cu m 

probability of ionization 

coulomb cross section, sq m 

Qi 

QO 

'i 
T 

vi 

vP 
V 

V 
- - 
- 

W 

rl 

maximum f irst-ionization cross 
section, 7cao units (1 7ca0 unit 
equals 0. 880X10-20 sq  m) 

electron-neutral collision cross 
section at electron energy of 

electronic charge, 1. 602X10-19 C 

radius, m 

electron- cyclotron radius for 

2 2 

3Pi/4, sq m 

primary electron, m 

electron- cyclotron radius for 
rms  secondary electron, m 

ionization- chamber radius, m 

temperature, OK 

neutral residence time, sec  

ionization- chamber potential, V 

plasma potential, V 

electron potential, V 

secondary- electron 
temperature, V 

ion velocity, m/sec 

electron velocity, m/sec 

r m s  neutral velocity, m/sec 

rms  secondary- ele ctron 
velocity, m/sec 

(1 amu = 1. 660X10-27 kg) 
ion or neutral mass, amu 

propellant utilization 
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nominal propellant utilization qnom 

(TO 

al 

(where 2 equals twice Pmin) 

plasma conductivity with no 
magnetic field, A/V-m 

plasma conductivity normal to 
magnetic field, A/V-m 

mean electron collision - 7 

time, sec  

first ionization potential of 
atom or  molecule, eV 

vi 

w - electron- cyclotron frequency, 
rad/sec 
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